Although much effort has been made to characterize and understand extreme rainfall's causes and effects, little is known about their frequency and intensity. Moreover, knowledge about their contribution to the total rainfall climatology is still minimal, especially over the Amazon where rainfall data are very scarce. In this paper we propose to classify extreme rainfall events by type and analyze their frequency and intensity over South America with a focus on the Amazon basin. Gridded daily data from the MERGE/CPTEC product over a period of 15 years (1998-2013) was used. An adaptation of Rx5d climate index was applied to select different kinds of extreme rainfall for the purpose of quantifying their frequency and intensity as well as their contribution to the accumulated rainfall climatology. According to the results, all kinds of extreme rainfall events can be observed over the studied area. However, the quantity of rainfall produced by each type is different, and consequently their percent contributions to the total accumulated rainfall climatology also differ. For example: in the Amazon region EET-I is responsible for 15% -40% of the total accumulated rainfall. Moreover, in the Brazilian northeast there are regions where EET-I exceeds 40% of the total rainfall. In northeast Brazil EET-II is responsible up to 30% of the total accumulated rainfall. EET-III is responsible for 5% -15% in the Amazon basin, 25% -45% in northeast Brazil and 10% -45% over Roraima State. Area-mean time variation shows that the quantity of rainfall extremes over the 
Introduction
Extreme rainfall events can be defined as significant deviations from the rainfall average and can have major impacts on human life, ecology and economy. Depending on regional vulnerability, an extreme rainfall event can inflict strong damage to buildings and bring inconvenience for citizens. Extreme events of short duration have been considered some of the most impacting [1] . This is true for Manaus, a state province in Amazonas State. Manaus has been frequently faced problems due to large amounts of rainfall related to short period extreme events. Over the past 10 years the Amazon basin has experienced frequent flood and drought conditions [2] - [5] that directly impact the lives of its people. It is known that flood and drought conditions are strongly related to Pacific and Atlantic SST Sea Surface Temperature) anomalies, which affect the quantity of moisture that is available to converge/diverge over the Amazon region [6] . However, little is known about the short period extreme rainfall events that frequently impact the Amazon region. Furthermore, detailed information related to their spatial and temporal patterns is very important for decision makers and civil defense.
In 2005 the southwestern portion of the Amazon basin experienced the most severe drought of the last 100 yr, which strongly impacted its hydrological regime and produced several forms of inconvenience to people living there [2] . During 2009 the Amazon region underwent heavy flooding, impacting the livelihoods of the local population. According to [4] , the combination of enhanced moisture transport from the tropical North Atlantic and a premature onset of the rainy season resulted in the flooding. In 2010 anomalous warming conditions in the tropical North Atlantic induced a second recent round of historically severe wet conditions by forcing a very northerly climatological position of the ITCZ (Intertropical Convergence Zone). This ITCZ pattern was then responsible for the rainfall deficiency over Amazon [3] . Assessing the last 70 -80 years of rainfall trends over the Amazon basin from 18 sets of homogeneous station data [7] , it can be observed that there was no significant rainfall trend in the Amazon as a whole, either seasonal or annual. In direct contrast to the modeling studies, [7] found a decreasing trend in the western Amazon where the forest is still preserved and an increasing rainfall trend in the eastern portion where the forest has been depleted. [8] observed that some climate models project more frequent and intense extreme events for the future. [9] analyzed anthropogenic influences over extremes of temperature and precipitation based on climate change scenarios. Among other results, the authors observed that changes in extremes of temperature and precipitation will be more intense in the Amazon. However, [10] analyzing a climatology of extreme rainfall indices for the Amazon basin, observed that future scenarios obtained from a limited are a model forced by initial and boundary conditions from the Had CM3 (Hadley Centre Coupled Model, version3) indicate an increase (decrease) in the CDD (R95p) index for the area of the Amazon basin. These results indicate that periods of drought (floods) will be more (less) intense in the near future. [11] analyzed the outputs of climate models designed by MOHC (Met Office Hadley Centre) and observed percentage reductions in rainfall over the Amazon as the average annual global temperature increases, so that steeper changes occur after the year 2040. However, observational studies showed no obvious signs of negative trends in precipitation in the Amazon. Thus, considering the uncertainties in climate models, it is necessary to study extreme rainfall events using present weather observations in order to obtain details about the behavior of the see vents. According to [12] , in the near future, extreme events will tend to present an even more hostile scenario, with more frequent occurrences of drought sand floods. Therefore, it is important to use an appropriate methodology to quantify the frequency and intensity of extreme rainfall events and what their preferred regions of occurrence are.
Considering the small number of works related to the spatial and temporal distribution of short extreme rainfall events over the Amazon, here we aim to characterize the frequency and intensity, as well as climatology, of short period (maximum of five days) extreme rainfall events over the South American region with a focus on the Amazon basin. The study uses a methodology that is capable of separating particular kinds of extreme rainfall based on rainfall quantity.
Data and Methodology
Totals of daily gridded rainfall data derived from the CPTEC (Centro de Previsão de Tempo e Estudos Climáticos) product of the National Institute for Space Research were used in this work. This product is called MERGE once it is combined rain gauge observations and satellite estimations of precipitation data [13] [14] . The data are distributed with a horizontal resolution of 20 × 20 km over South America and cover a period of 15 years (1998-2013) .
This study makes use of an adaptation of the methodology of [15] and [16] , which consists in determining extreme rainfall events as a function of the average of the maximum precipitation value (here named MMP), Rx5d. In this method only cases of maximum precipitation occurrence in consecutive five (5) day intervals in each grid point are selected. Thereafter, the MMP is calculated according to the following equation
Xi denotes the maximum precipitation in each selected grid point and n is the number of time-series data. A comparison between the MMP and the observed rainfall value determines the existence of an extreme rainfall event as follows: if the precipitation value is equal to or larger than the MMP it is considered to be an extreme rainfall event; otherwise, the rainfall value is considered as a normal event. In this case we have a rainfall day that could be considered either normal or extreme; however, this tells us nothing about the intensity or strength of the rainfall event. To select different kinds of extreme rainfall events we need to consider a threshold value from the MMP. This threshold value can be achieved by calculating the standard deviation of the maximum precipitation occurrences in consecutive five-day intervals (hereafter named DPMP). The advantage of this threshold is that it is not fixed but space-dependent, which makes the selection of rainfall extremes more robust. The DPMP is calculated from the following equation:
Thus, different kinds of extreme rainfall are classified as follows: if the value of the rain recorded at the grid point either equals or exceeds the value of the MMP but is less than the MMP plus one DPMP, the event is considered an extreme rainfall event type I (named as EET-I, meaning Extreme Event Type-I). In the same way a rainfall event is considered to be an EET-II (Extreme Event Type-II) if the amount of rainfall recorded at the grid point lies between MMP + (1 × DPMP) and MMP + (2 × DPMP). An amount of rainfall exceeding MMP + (3 × DPMP) is classified as EET-III (Extreme Event Type-II). Applying this method to the time series of rainfall we can split the rainfall events by type and analyze their climatology, contributions to total rainfall and frequency of occurrence in each grid point. While the period of time over which the data was compiled encompasses entire seasons, here we concentrate on the Austral summer (DJF) for the analyses.
The DJF mean of maximum five consecutive days precipitation used to select extreme rainfall events is presented in Figure 1 . From this Figure it can be seen that higher values for the extreme rainfall threshold are observed over most of the Amazon basin, with the highest values occurring over northern Pará State and southern Amazon State. Lower values are presented over northeast and southern Brazil. These figures reveal that to be considered an extreme rainfall event the gridded daily data must exceed 35 mm/day in the southern Amazon basin and northern Pará State, for example. Values much less than this are required in southern and northeast Brazil in order for a total daily rainfall to be considered an extreme rainfall event. Here, we considered the frequency of extreme rainfall by counting the number of times a particular level of extreme rainfall occurred in each grid point. It is expected that ETT-III is the rarest case, while EET-I is more frequent than the others.
Results

Spatial Pattern of Extreme Rainfalls
The mean accumulated rainfall produced by EET-I over South America for the 1998-2013 period is presented in Figure 2(a) . The large-scale pattern of higher values of mean accumulated rainfall seems to cover most of Brazil. Lower values are observed over Roraima State and northeast Brazil. North of Pará, Amazon and Mato Grosso States, which make up part of the Brazilian Amazon, are regions where EET-I produced large quantities of rainfall, especially over northeast Pará and Marajó Island. On average, EET-I events yielded more than 200 mm of rainfall during the summer months. In the Litoranea areas like Pará and Amapá States and Franch Guiana, the quantity of rainfall produced by this kind of extreme rainfall exceeded 300 mm. This large quantity of rainfall can be due the passage of squall lines round these regions such as are frequently observed in the litoral north. Furthermore, there is a wideband from the western Amazon to southeast Brazil with local maxima of accumulated rainfall that seems related to the SACZ (South Atlantic Convergence Zone). In fact, during Austral summer SACZ produces large quantities of rainfall and, according to the results, SACZ yields more rainfall in specific locations. In the Amazon region the contribution of EET-I to the total rainfall (Figure 2(b) ) lies between 15% and 40%, showing that the greatest quantity of accumulated rainfall is due non-extreme rainfall. However, there are north-south oriented localities in northeast Brazil in which ETT-I exceeded 40% of the total rainfall expected for DJF.
A smaller total quantity of rainfall over Brazil is produced by EET-II (Figure 3(a) ). The highest values were observed in the littoral of Pará and Amapá States. The quantity of rainfall produced by EET-II is highly variable over most of Brazil. For example, one can find values ranging from 50 mm till 180 mm over the Amazon basin. However, rainfall values between 50 and 80 mm are more locally concentrated, with more dominant rainfall values ranging from 100 and 180 mm. The results still show small values of rainfall associated with EET-II occurring over northeast Brazil, with moderate quantities of rain over southern Brazil. A wide ranging area oriented southwestern-southeast over Brazil suggests that EET-II is responsible for 5% -15% of the total accumulated rainfall (Figure 3(b) ). In other parts of Brazil, like the northeast, southeast and south, EET-II can be responsible for up to 30% of the total accumulated rainfall. On Marajó Island and neighboring areas EET-II yields ~15% of the total rainfall, while EET-I produces ~30% of the total precipitation (see Figure 2(b) ).
The accumulated rainfall produced by EET-III is shown in Figure 4 (a). From 50 up to 100 mm of rainfall is produced by this kind of extreme event over most of Brazil, excepting the littoral part of Pará and Amapá states, whose values exceeded 180 mm. Relative to total rainfall, EET-III is responsible for 5% -15% in the Amazon basin, 25% -45% in northeast Brazil and 10% -45% over Roraima State, respectively (Figure 4(b) ).
The total number of events (frequency) occurring in each grid-point during the analyzed period is presented in Figures 5(a)-(c) . The frequency was computed by compiling the days where the threshold values of each EET were achieved. This figure can help us understand why the different types of extreme events produce different quantities of rain. For example, it can be noted that similar quantities of rainfall over the Amazon basin and southeast Brazil are produced by different numbers of extreme events (Figure 5(a) ). In the former case, a mean quantity of ~200 -300 mm of rain is associated with 100 cases, while the latter needed nearly 30% more cases to produce the same quantity of rainfall. Moreover, it is notable that EET-I is more frequent in the northern Amazon basin than in the southern part. A smaller number of events are observed over southern and northeast Brazil. The frequency of EET-II is less spatially homogeneous than that of EET-I (Figure 5(b) ); however, there is a more homogeneous region over southeast Brazil where the number of cases is high. The frequency of EET-III presents a more uniform spatial patter, with the highest values over Bahia State, ~24 cases by grid-point ( Figure 5(c) ).
Temporal Patterns in Extreme Rainfalls
Temporal variations in DJF area-mean accumulated rainfall related to ETTs during the period 1999 to 2012 are presented in Figure 6 . This Figure shows the relative contributions of the extremes that occurred over just the Amazon basin area, i.e., only gridded-data included inside this region is considered for evaluation. In addition to this Figure there is information about ENSO and dry/wet year conditions. According to Figure 6 and in accordance with the previous results, the mean quantity of rainfall produced by ETT-I is greater than that of the other extremes. The inter-annual variability in the three kinds of extremes is easily observed. As can be seen, the three kinds of rainfall extremes produced greater rainfall quantity in the last 7 years, with maxima during the last two years a La Niña year.
Area-mean temporal variations the frequencies of DJF extremes related to EETs during the period from1999 to 2012 are presented in Figure 7 . This Figure presents the relative frequencies of extremes occurring just over the Amazon basin, like in Figure 6 . According to Figure 7 , the mean frequency of ETT-I is the highest. The mean accumulated quantity of extremes follows a similar pattern of frequency, i.e., the most frequent events are those producing the largest quantity of rainfall. In the first two years of the period of study, 2011 and 2012, 298 and 301 cases of EET-I were registered over Amazon basin, respectively; similarly, 80 and 70 cases of EET-II and 50 and 40 cases of EET-III. Moreover, the relationships between the frequency of events and wet/dry and EL Niño/La Niña years are similar to those for the accumulated rainfall totals (Figure 6) . Figure 8 shows the percent contributions of extreme rainfall events relative to the total rainfall. According to the Figure, different kinds of rainfall extremes produce different percentages of rainfall, with the largest contribution coming from the least rare type of extreme rainfall, EET-I. Thus, EET-II and EET-III only produce small quantities of rainfall related to the total quantity of rain. It can be observed that none of the extremes reach 50% of the total rainfall, indicating that most rain is produced by normal events. However, from 2006 till 2012 the sum of all types of extreme events reached its highest values for the period. Furthermore, even with a small number of instances EET-III produces large quantities of rainfall over the Amazon basin, suggesting that such 
Conclusions
Here, we have identified three kinds of extreme rainfall events that are very important for understanding how they contribute to the accumulated rainfall climatology for the summer season over the studied area. Among the results it was observed that the rarer the extreme event the more rainfall it produces; however, due to their low frequency of the rarest events, EET-III, are responsible for just 5% -15 % of the total rainfall in the Amazon basin, 25% -45% in northeast Brazil and 10% -45% over the State of Roraima. In the northeast, southeast and south, EET-II can produce up to 30% of the total accumulated rainfall. On Marajó Island and in neighboring areas EET-II yields ~15% of the total rainfall, while EET-I produces ~30% of the total precipitation. Moreover, it is notable that EET-I is more frequent in the northern Amazon basin than in the southern portion. A smaller number of events are observed over southern and northeastern Brazil. The frequency of EET-II is less spatially homogeneous than that of EET-I. The frequency of EET-III presents a more uniform spatial pattern, with the highest values over Bahia State, ~24 cases by grid-point.
Temporal variations in the area-mean accumulated rainfall show that extreme rainfall events present interannual variations strongly tied to ENSO events. Furthermore, the wet/dry years over the Amazon basin are strongly related to the behavior of the rainfall produced by all kinds of rainfall extremes. For example, results show that during the La Niña of 2011 the quantity of rainfall produced by EET-III exceeded the quantity of rain yielded by EET-II during the El Niño year of 2010. The same behavior is observed for the ENSO conditions of 2007 and 2008, respectively, characterized as EL Niño and La Niña years. Over the Amazon basin the three kinds of rainfall extremes produced more rainfall in the last 7 years, reaching a maximum during the last two years of the analyzed period, 2011 and 2012. The year of 2005 presented the lowest values of rainfall produced by extreme events, suggesting that the extremes are very important to the total accumulated rainfall. As the total quantities of rainfall produced by extreme rainfalls depend on the total number of events, their frequency seems to be strongly tied to wet/dry and ENSO events as well as the percentage of total rainfall produced by them. This is the first time the contributions made by extreme rainfall events to the total rainfall over the Amazon basin have been quantified. We verified that the relative contribution is strongly tied to the frequency of the extremes. Furthermore, extreme rainfall events are closely related to ENSO and wet/dry years. As a recommendation for future work, this technique could also be applied to quantify future changes in intensity and frequency of extreme rainfalls under a condition of warmed climate, which is expected to occur in the near future. Another suggestion is to evaluate model outputs and quantify their abilities to simulate these kinds of events.
